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Electrospray ionization (ESI) mass spectrometry (MS) is a powerful method for analyzing the
active forms of macromolecular complexes of biomolecules. However, these solutions often
contain high concentrations of salts and/or detergents that adversely effect ESI performance by
making ion formation less reproducible, causing severe adduction or ion suppression. Many
methods for separating complexes from nonvolatile additives are routinely used with ESI-MS, but
thesemethodsmay not be appropriate for complexes that require such stabilizers for activity. Here,
the effects of buffer loading using concentrations of ammonium acetate ranging from 0.22 to 1.41
M on the ESI mass spectra of a solution containing a domain truncation mutant of a 54 activator
from Aquifex aeolicus were studied. This 44.9 kDa protein requires the presence of millimolar
concentrations of Mg2, BeF3
, and ADP, (at 60 °C) to assemble into an active homo-hexamer.
Addition of ammonium acetate can improve signal stability and reproducibility, and can
significantly lower adduction and background signals. However, at higher concentrations, the
relative ion abundance of the hexamer is diminished, while that of the constituent monomer is
enhanced. These results are consistent with loss of enzymatic activity as measured by ATP
hydrolysis and indicate that the high concentration of ammonium acetate interferes with assembly
of the hexamer. This shows that buffer loading with ammonium acetate is effective for obtaining
ESI signal for complexes that require high concentrations of essential salts, but can interfere with
formation of, and/or destabilize complexes by disrupting crucial electrostatic interactions at high
concentration. (J Am Soc Mass Spectrom 2010, 21, 1045–1049) © 2010 Published by Elsevier Inc.
on behalf of American Society for Mass SpectrometryElectrospray ionization mass spectrometry (ESI-MS) is an important technique for studying intactnoncovalent complexes of biomolecules, owing to
its capacity to provide information about stoichiome-
tries [1], binding interfaces [2], relative [3, 4], and
absolute [5] equilibrium constants, conformations [6],
and assembly kinetics [7], with high sensitivity, speed,
and specificity. An important factor in the ability to
obtain high quality mass spectra is the compatibility of
the analyte complex with the solvent systems typically
employed in ESI-MS, i.e., aqueous ammonium acetate
or ammonium bicarbonate solutions with minimal non-
volatile salts or detergents. Nonvolatile salts and deter-
gents, often used to stabilize biomolecule complexes,
are typically removed by buffer exchange into solutions
of ammonium acetate or ammonium bicarbonate using
microcentrifuge gel-filtration columns or dialysis before
analysis [8]. Even low millimolar concentrations of
metal ion salts, such as sodium chloride or phosphate,
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doi:10.1016/j.jasms.2010.02.003can cause severe ion suppression and peak broadening
due to cluster and adduct formation. However, the roles
of specific ions are well known for many noncovalent
complexes of proteins with other proteins [9], peptides
[10], nucleic acids [11], small molecules [12], cations
[13], anions [14], nucleotides [15], etc., and the presence
of these ions in the analyte solution can therefore be
essential to obtain an accurate measurement of the
native or native-like state of the complex. Other bio-
physical techniques used to study noncovalent com-
plexes, such as native gel electrophoresis, small angle
X-ray scattering, NMR, electron microscopy, and ana-
lytical ultracentrifugation are not compromised by the
presence of metal ion salts.
Bothdesorptionelectrospray ionization [16] andmatrix-
assisted laser desorption ionization [17] are less affected
by salts than ESI. Nonetheless, several approaches that
make it possible to more readily electrospray from
solutions containing metal ion salts and biomolecules
have been developed. Konermann and coworkers used
tartrate anions as weak chelators to minimize nonspe-
cific adduction in ESI-MS studies of Ca2 and Zn2binding proteins [18]. In an ESI-MS based enzymatic
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addition of methanol and acetic acid was shown to
improve detection of phosphopeptides from solutions
that required micromolar concentrations of cAMP,
Mg2, and ATP [19]. High concentrations of a volatile
buffer can dramatically reduce the adverse effects of
salts in ESI [20]. Addition of up to 7 M ammonium
acetate to solutions containing 20 mM sodium chloride,
and either cytochrome c or ubiquitin, resulted in a 7-
and 11-fold improvement in signal-to-noise for these
respective proteins [20]. This buffer loading technique
[20] was shown to be effective for a noncovalent protein
complex by Hernandez and Robinson [8], who demon-
strated significantly improved resolution for the 150
kDa tetramer of alcohol dehydrogenase with 1 M am-
monium acetate solutions that contained this protein
and either 10 mM Tris-HCL or 10 mM HEPES. Buffer
loading with 1 M ammonium acetate was used to obtain
mass spectra of different oligomeric states of wild-type
and mutant DnaB and DnaC proteins from Escherichia
coli, which require up to 0.1 and 1.0 mM ATP and
Mg(OAc)2, respectively, to assemble [21]. However, the
stabilities of many complexes can depend on both ionic
strength and specific ionic cofactors [22–27], so this
buffer loading method is most effective when the salt
tolerance of the complex is known.
Here, effects of ammonium acetate concentration on
ESI mass spectral resolution and complex stability of a
domain truncation mutant of a 54 activator (NtrC4-RC)
from the thermophilic bacterium Aquifex aeolicus, which
requires millimolar concentrations of Mg2, BeF3
, and
ADP (at 60 °C) for assembly into a 270 kDa homo-
hexamer [28, 29], are investigated. This truncated form
of the full-length NtrC4 protein was chosen because it is
somewhat more soluble than the full length protein and
activation with the essential salts induces a change in
the stoichiometries of the observed complexes from
mixed homo-oligomers with no ATPase activity to a
hexamer with similar ATPase activity to that of the
full-length protein [29]. A spectrophotometric ATPase
activity assay [30] of the hexamer was used to indepen-
dently measure the effects of ammonium acetate con-
centration on the abundance of the functional form of
this complex. At lower concentrations, ammonium ac-
etate can increase the stability, reproducibility, and
accuracy for measuring the mass and abundance of this
noncovalent complex in solution, but at higher concen-
trations, it can interfere with assembly of the complex,
presumably by displacement and/or interference of the
critical electrostatic interactions with the essential salts.
Experimental
Protein Expression and Purification
Protein expression and purification are described in
detail elsewhere [29]. Briefly, NtrC4-RC was subcloned
into a PSKB3 plasmid with a His6 tag, expressed in
E. coli. BL21 (DE3), harvested by sonication, and puri-fied with a Ni-agarose column. The plasmid was se-
quenced at the University of California at Berkeley
DNA sequencing facility.
Mass Spectrometry
Mass spectra were acquired using a quadrupole time-
of-flight mass spectrometer equipped with a Z-spray
ion source (Q-TOF Premier; Waters, Milford, MA,
USA). Ions were formed using nanoelectrospray emit-
ters prepared by pulling borosilicate capillaries (1.0 mm
o.d./0.78 mm i.d.; Sutter Instruments, Novato, CA,
USA) to a tip i.d. of 1 m with a Flaming/Brown
micropipette puller (model P-87, Sutter). A platinum
wire (0.127 mm diameter, Sigma, St. Louis, MO, USA)
was inserted through the capillary into the solution and
electrospray was initiated and maintained by applying
1 kV to the wire relative to instrument ground. This
voltage was adjusted to the lowest value at which ion
current was stable. All other instrument parameters,
including the source backing pressure (5.9 Torr), were
the same for all experiments. The solutions were heated
before and during data acquisition using a capillary
heater described elsewhere [31]. The temperature of the
capillary heater was monitored continuously with a
thermocouple and temperature meter (Omega, Stam-
ford, CT, USA). Raw data were smoothed three times
using the Waters MassLynx software mean smoothing
algorithm with a 75 unit window. Average molecular
masses were obtained by deconvolution of the centroids
of each peak in a given charge state distribution with a
signal-to-noise 3, and those for the hexamer were
corrected for non-specific adduction by the method of
McKay et al. [32]. Relative abundances of proteins and
complexes were estimated by summing the intensities
of each charge state of a given protein or protein
complex, and dividing that value by the sum of the
intensities for each charge state in the distributions of
monomer  dimer  hexamer. This does not take into
account effects of mass dependent ion transfer or de-
tection efficiency or ionization efficiency. Thus, the
trends in these relative abundances as a function of
ammonium acetate concentration are more meaningful
than the actual absolute values. The instrument was
calibrated with CsI clusters formed by nano-ESI of a 24
mg/mL solution of CsI in 70:30 Milli-Q:2-propanol
before mass measurement.
ATPase Activity Assays
Individual 14.5 L samples of NtrC4-RC in the presence
of MgCl2, BeCl2, NaF, and various concentrations of
ammonium acetate were incubated at 70 °C for 5 min.
Then, 0.5 L of 30 mM ATP was added to each sample,
bringing the final reaction concentrations to 50 M
NtrC4-RC, 1 mMATP, 1 mMMgCl2, 1 mM BeCl2, 9 mM
NaF, and either 0.22, 0.34, 0.45, 0.68, 0.95, 1.14, or 1.41 M
ammonium acetate. At various time points, 3 L ali-
quots were quenched with 350 L of 0.88 M HNO3. A
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Bi(NO3)2, 31.1 M (NH4)6Mo7O24, and 0.11% ascorbic
acid was added to the quenched reactions. Exactly 4
min after the addition of color-developing solution, the
amount of free phosphate in solution (a product of ATP
hydrolysis) was measured using the absorbance of 700
nm light, which is proportional to phosphate concen-
tration [30]. These absorbance measurements were ob-
tained for multiple time points and used to calculate
kcat, the moles of ATP hydrolyzed per mole of protein
per minute. Measurement of kcat at each buffer concen-
tration was performed in triplicate, and the averaged
results, with error bars representing one standard de-
viation, are shown in Figure 1b.
Results and Discussion
ESI mass spectra obtained from solutions that contained
25 M protein monomer, 1 mM ADP, 5 mM MgCl2, 1
mM BeCl2, 9 mM NaF, and seven different concentra-
tions of ammonium acetate, ranging from 0.22 to 1.41
M, are shown in Figure 1a. BeF3
, which mimics
phosphorylation, is formed from 1 mM BeCl2 as the
limiting reagent and 9 mM NaF in excess. These solu-
Figure 1. The effect of ammonium acetate conce
of NtrC4-RC assembled in the presence of millim
measured at 63 °C by (a) nanoESI mass spectrom
concentration of the hexamer of NtrC4-RC in so
per mole of protein per minute.tions were heated to 63 °C before, and during, the
experiments. The presence of the salts and nucleotide,
and the elevated temperature, are required for a con-
formational change in the regulatory domain of the
monomer that makes it possible for the protein to
assemble into a hexamer [29]. Without the salts, nucle-
otide, and heat, this domain truncation mutant assem-
bles into a heptamer and other mixed oligomers,
whereas the stoichiometry of the complex composed of
the native, full-length protein is a hexamer [29]. Three
replicate spectra of each solution, each acquired using a
different nanoelectrospray capillary, were measured
and the spectra in Figure 1a were selected from the
replicates as a typical spectrum with respect to peak
centroids, widths, and relative abundances. Signal at
the two lowest ammonium acetate concentrations
was significantly less reproducible than at the higher
concentrations.
The spectrum acquired with 0.22 M ammonium
acetate (Figure 1a) has a low-intensity charge-state
distribution consisting of broad peaks that correspond
to the mass of the hexamer. The high baseline from m/z
2000 to 6000 may obscure a relatively low signal
corresponding to the monomer, while the dimer is
ion on the abundance of the hexameric oligomer
concentrations of MgCl2, NaF, BeCl2 and ADP
and (b) ATPase activity, which is related to the
. k is calculated as moles of ATP hydrolyzedntrat
olar
etry
lution cat
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increasing peak widths with decreasing charge state. At
0.34 M ammonium acetate, charge-state distributions of
both the monomer and dimer are clearly observed,
albeit with very broad peaks (Table 1). The broad
baseline below m/z 6000 decreases with increasing
ammonium acetate concentration and is essentially flat
at concentrations 0.68 M. In addition, there is a
significant shift of the centroids of all of the peaks in the
three charge state distributions to higher m/z at 0.34 M
ammonium acetate concentration, presumably due to
salt adduction, which leads to a significant increase in
ion mass (Table 1). At ammonium acetate concentra-
tions above 0.45 M, the relative abundance of the
hexamer decreases dramatically with a concomitant
increase in the relative abundance of the monomer.
These trends continue with ammonium acetate concen-
tration up to 1.41 M, where the relative abundance of
the hexamer is only 2% and that of the monomer is
59% (Table 1). In comparison, the relative abundances
of the hexamer and monomer at 0.45 M, the lowest
concentration at which signal is reproducible, are22%
and 23%, respectively. At all concentrations of ammo-
nium acetate, the experimental masses for monomer,
dimer, and hexamer are higher than the theoretical
molecular weights listed in Table 1, which were calcu-
lated from the known amino acid sequence of the
NtrC4-RC protein. The mass of the unactivated mono-
mer measured without essential salts or heat (44.9 kDa)
is lower than that measured for the monomer from
activated, heated solutions, indicating significant asso-
ciation with BeF3
 and ADP in the ESI solution and
non-specific adduction of Mg and/or Cl [29]. No
signal for other oligomers was observed. The dramatic
increase in the relative abundance of monomer as a
function of ammonium acetate concentration is consis-
tent with interference of the hexamer assembly path-
way rather than a decrease of hexamer due to nonspe-
cific aggregation or other loss channels.
Ionic strength is well known as a factor in the
stability of biomolecules, and high concentrations of
Table 1. Experimental molecular weights (Exp. MW) and mean
shown in Figure 1a, and mean relative abundances (Rel. abun.) fr
acetate concentration
[Ammonium
acetate] (M)
Monomer (44,929 Da)
Exp. MW
(Da)
Mean
FWHM
(m/z)
Rel.
abun.
(%)
Exp. M
(Da
1.41 45,623  39 47  6 59  7 91,685 
1.14 45,585  8 45  4 48  1 91,566 
0.95 45,552  16 37  2 43  4 91,469 
0.68 45,614  5 44  5 43  8 91,560 
0.45 45,587  38 36  3 23  9 91,474 
0.34 47,129  382 136  38 21  7 93,885 
0.22 N/A N/A N/A 91,406 
*Experimental molecular weights are corrected with the method of M
FWHM are reported as one standard deviation from the mass spectra shown
deviation in the three replicate measurements.ammonium acetate have been used to specifically re-
duce the binding affinities of protein complexes [3, 33].
To corroborate that the observed decrease in signal-to-
noise of the hexamer from solutions with the highest
concentrations of ammonium acetate occurs in solution
before the ESI process, ATPase activity was measured
in an independent assay [30] to determine the abun-
dance of active hexamer in solution. The NtrC4 catalytic
site for ATP hydrolysis is formed by interdomain con-
tacts that exist only in the hexamer [28, 34, 35], so a
change in the rate of ATP hydrolysis can be used to
indicate the relative concentration of active hexamer in
solution. The decrease in ATP hydrolysis with increas-
ing ammonium acetate concentration (Figure 1b) is
concomitant with the decrease in the relative abun-
dance of the hexamer, and increase in the relative
abundance of the monomer, measured by ESI-MS (Fig-
ure 1a) at the higher ammonium acetate concentrations.
At the two lowest ammonium acetate concentrations,
the low signal reproducibility and high baseline make it
difficult to draw direct comparison with the activity
assay. Nonetheless, these results are consistent with the
ammonium acetate at high concentration displacing
interactions between the protein and the essential salts/
nucleotide, inhibiting the conformational change in the
receiver domain that is required for oligomerization
into the active form of the complex [29].
Conclusion
These results demonstrate that buffer loading with
ammonium acetate can dramatically improve the reso-
lution and the mass accuracy of nanoESI-MS measure-
ments of noncovalent protein complexes that require
low millimolar concentrations of nonvolatile salts
and/or nucleotide to assemble into their physiologi-
cally relevant form. However, high concentrations of
ammonium acetate can disrupt key interactions by
displacement and/or interference of crucial electrostatic
contacts that allow for assembly. Taken together, these
effects provide additional evidence that within a range
widths (full width at half-maximum) for the example spectra
he three replicate measurements taken at each ammonium
er (89,858 Da) Hexamer* (269,574 Da)
Mean
FWHM
(m/z)
Rel.
abun.
(%)
Exp. MW
(Da)
Mean
FWHM
(m/z)
Rel.
abun.
(%)
60  4 39  6 272,227  74 70  6 2  1
56  4 48  1 271,967  104 71  4 3  2
52  3 51  3 272,206  92 64  6 5  2
55  1 51  6 271,601  59 75  4 6  2
53  7 55  6 271,817  92 72  6 22  4
118  7 66  4 274,268  214 98  5 13  4
101  62 15  26 271,479  158 71  6 85  26
et al. [32]. Errors for both experimental molecular weight and meanpeak
om t
Dim
W
)
15
28
39
32
38
138
132
cKay
in Figure 1. Errors in relative abundance correspond to one standard
1049J Am Soc Mass Spectrom 2010, 21, 1045–1049 BUFFER LOADING IN ESI-MSof suitable solution conditions, including temperature
and ionic strength, ESI-MS can be invaluable for obtain-
ing stoichiometric and thermodynamic information
about macromolecular complexes.
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